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larger time delays for many of the comparisons. The muscle force magnitudes of vasti, 48 gluteus maximus and gluteus medius were not greatly influenced by the choice of muscle 49 force prediction method with low normalized root mean squared errors (< 48%) observed in 50 most comparisons. We conclude that SO and CMC can be used to predict lower-limb muscle 51 co-contraction during hopping movements. However, care must be taken in interpreting the 52 magnitude of force predicted in the biarticular muscles and the soleus, especially when using 53 a 1 DOF knee. Despite this limitation, given that SO is a more robust and computationally forces (Kernozek and Ragan, 2008; Laughlin et al., 2011; Mokhtarzadeh et al., 2013) . A 65 collective understanding of these biomechanical variables can provide insight into the causes 66 or consequences of different joint diseases. For example, accurate knowledge of knee muscle 67 forces can be utilized to improve our understanding of changes in medial and lateral 68 tibiofemoral contact forces after an anterior cruciate ligament injury, which has been 69 suggested to be precursor to knee osteoarthritis (Fregly et al., 2012) .
70
Musculoskeletal modelling has recently become a powerful biomechanical tool used to 71 predict muscle forces in which optimization methods are commonly utilized to solve the 72 muscle-moment redundancy problem (i.e. a net joint moment can be produced from an 73 infinite number of muscle force combinations) (Crowninshield, 1978) . Static optimization
74
(SO) and computed muscle control (CMC) are two popular optimization methods used for 75 predicting muscle forces and are accessible for use in the freely available musculoskeletal 76 modelling software, OpenSim (Delp et al., 2007; Thelen and Anderson, 2006) . SO is an 77 inverse dynamics-based method that partitions the net joint moment amongst individual 78 muscles by minimizing a given performance criterion (e.g. sum of squares of muscle 79 activations) (Erdemir et al., 2007) . On the other hand, CMC is a forward dynamics-based 80 approach that utilizes feedback control theory to predict a set of muscle excitations that will 81 produce kinematics that closely match the kinematics calculated from inverse kinematics 82 (Thelen and Anderson, 2006; Thelen et al., 2003) . Whilst these methods provide a means for 83 obtaining otherwise unattainable in vivo muscle forces, these predictions are limited in that it is challenging to know how valid or accurate these methods are in predicting individual 85 muscle forces given that no direct measures are available.
86
A previous study has shown that the muscle forces predicted by SO can produce accurate 87 joint contact forces during walking by comparing the predicted contact forces to those 88 measured in a person with an instrumented knee implant (Kim et al., 2009) . Previous studies 89 have also shown that SO and CMC produce similar muscle force predictions during walking 90 and running in terms of timing and magnitude (Anderson and Pandy, 2001a; Lin et al., 2011) .
91
However, these studies have cautioned against the use of SO for ballistic movements such as 92 jumping as SO may produce muscle activation patterns that are inconsistent with 93 electromyographic (EMG) recordings (Lin et al., 2011) . In addition, the ability of SO to 94 predict co-contraction of antagonistic muscles has been criticised because this method 95 excludes muscle activation dynamics. However, several studies have mathematically proven 96 that multi-jointed models containing joints with multiple degrees of freedom (i.e. non-planar 97 joints) can predict co-contraction of antagonistic muscles (Ait-Haddou et al., 2000; Jinha et 98 al., 2006a Jinha et 98 al., , 2006b ). Given that many past studies have used planar knee joint models i.e. 1 99 degree of freedom (DOF) when predicting muscle forces (Dorn et al., 2012; Fok et al., 2013;  that SO results from a 1 DOF knee joint will be significantly lower than the results obtained 108 from other combinations of knee joint types and optimization methods (H 2 ).
109

Methods
110
Nineteen healthy and physically active subjects with no history of knee injury (height = Two different subject-specific musculoskeletal models were generated for each participant (1 
157
All analyses were performed over the eccentric landing phase of the task, which encompassed 158 the period from initial foot strike to maximum knee flexion (Mokhtarzadeh et al., 2013) . Foot 159 strike was defined as the moment at which vertical GRF just reached above a predefined time delay required to achieve the maximum unbiased correlation coefficient (R).
169
Specifically, the unbiased correlation coefficient and time delay were calculated by 170 displacing the muscle force profile in time predicted by one method relative to another 171 method (from -100% to 100% of the landing phase) and subsequently, taking the maximum 172 value for the correlation at the time displacement required to achieve this maximum value. 
180
For each muscle, a normalized root mean squared error (NRMSE) was also calculated 181 between the time-shifted muscle force profiles to compare differences in the magnitude of 182 muscle force predictions. For each muscle, the NRMSE was normalized by the mean force 183 over the entire landing phase and over all muscle force prediction approaches. 
Results
186
All sagittal and transverse plane joint angles calculated using inverse kinematics or CMC in a (Table 1) .
203
The time profile of SOL was influenced by the choice of knee joint used as small time delays
204
(<3% landing phase) were observed when comparing between the results that used the same 205 knee joint model (Table 1) . However, when comparing the muscle force profiles between 206 different knee joint models, large time delays were noticed (>9% landing phase) (Table 1) 
207
( Figure 3 ).
208
Muscle Force Magnitude
209
In general, the muscle force magnitudes of VAS, GMAX and GMED were not greatly (Table 3) . Similarly large differences in magnitude (NRMSE > 75%) were also 217 observed in SOL where the use of a 3 DOF knee joint resulted in considerably lower SOL 218 force than in a 1 DOF knee (Table 2 ) (Figure 3 ). The most similar muscle force magnitude 219 predictions were seen when comparing the predictions from the SO method with a 1 DOF 220 knee and CMC with a 1 DOF knee (NRMSE < 39%).
Discussion
223
The aim of this study was to compare the muscle force predictions given from two resulted in less force in the soleus than the use of 1DOF knee joint.
234
The results of our study suggest that SO can predict less force output for knee-
235
spanning muscles (HAMS, RF and GAS) when using a 1 DOF knee joint. profiles during single-leg hopping (Figure 3 ). Furthermore, it should be noted that the 284 conclusions from previous studies were founded upon a single trial from one subject whilst 285 our study's findings were based on multiple trials from multiple subjects, which give us 286 confidence in the conclusions we have deduced.
287
While musculoskeletal models provide a great tool in studying otherwise unattainable muscle 288 forces, this approach does come with limitations. Firstly, it is impossible to know which 289 optimization method and knee joint combination produced the most accurate muscle forces
290
given it is extremely difficult and invasive to measure muscle force in vivo. It is possible that 291 the magnitude and timing of all muscle force predictions are incorrect. In addition, our results
292
for 3DOF models could have been influenced by off-plane (transverse and frontal) kinematic 293 errors (Li et al., 2012) . Nonetheless, EMG measurements were qualitatively consistent with muscle force time profiles predicted using all four muscle force prediction approaches so that
295
we at least have confidence in the timing of our muscle force predictions (Figure 3 ).
296
Furthermore, even if the magnitude of muscle forces were inaccurate, we have confidence in 297 the validity of our comparisons given the kinematics were well-matched ( Figure 1 ) and 298 residual forces and moments were small (Figure 2) . Secondly, the conclusions obtained from 299 our study apply to single-leg hopping in healthy adults. It is unclear whether the same 300 conclusions can be extended to other ballistic movements such as cutting and jumping.
301
In light of our findings and those of earlier studies, we conclude that both SO and CMC can 302 be used to predict lower-limb muscle co-contraction during hopping movements. However,
303
care must be taken in interpreting the magnitude of force predicted in the biarticular muscles 304 and the soleus, especially when using a 1 DOF knee. Despite this limitation, given that SO is 305 a more robust and computationally efficient method for predicting muscle forces than CMC, 
